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Abstract. The mineralogy of airborne dust affects the impact
of dust particles on direct and indirect radiative forcing, on
atmospheric chemistry and on biogeochemical cycling. It is
determined partly by the mineralogy of the dust-source re-
gions and partly by size-dependent fractionation during ero-
sion and transport. Here we present a data set that charac-
terizes the clay and silt-sized fractions of global soil units
in terms of the abundance of 12 minerals that are important
for dust–climate interactions: quartz, feldspars, illite, smec-
tite, kaolinite, chlorite, vermiculite, mica, calcite, gypsum,
hematite and goethite. The basic mineralogical information
is derived from the literature, and is then expanded following
explicit rules, in order to characterize as many soil units as
possible. We present three alternative realizations of the min-
eralogical maps, taking the uncertainties in the mineralogical
data into account. We examine the implications of the new
database for calculations of the single scattering albedo of
airborne dust and thus for dust radiative forcing.
1 Introduction
Dust particles, emitted in large quantities by aeolian erosion
of arid and semi-arid soils, play an important role on Earth’s
climate system. During atmospheric transport, they affect
Earth’s radiative budget directly by absorbing or scattering
the solar or infrared radiation (Sokolik and Toon, 1996) or
indirectly by acting as cloud condensation nuclei (CCN) or
ice nuclei (IN) (Rosenfeld et al., 2001; DeMott et al., 2003;
Creamean et al., 2013). Dust also plays a role in atmospheric
chemistry (Cwiertny et al., 2008b). Mineral dust deposi-
tion to the ocean affects marine biochemistry (Jickells et al.,
2005) by increasing the supply of micronutrient iron with
implications for the CO2 budget (Martin et al., 1991). Min-
eral dust may also fertilize terrestrial ecosystems (Okin et al.,
2004), particularly in areas such as the Amazon Basin (Swap
et al., 1992).
Dust particles are a complex assemblage of various min-
erals with physicochemical properties that vary widely from
one mineral to another. All of the interactions between min-
eral dust and climate are inﬂuenced by the physicochemical
properties of the dust particles. Different minerals have dif-
ferent optical properties and thus an accurate speciﬁcation
of mineralogy is necessary to calculate the direct radiative
effect of mineral dust. Sokolik and Toon (1996), were the
ﬁrst to suggest incorporating the mineralogical composition
of dust particles into models and subsequent work has shown
the importance of accounting for mineralogy in estimating
the direct radiative effect (Claquin et al., 1999; Sokolik and
Toon, 1999; Balkanski et al., 2007; Hansell et al., 2008).
Mineralogy also affects the hygroscopic properties of atmo-
spheric particles and thus the indirect radiative forcing by
dust. Feldspar minerals, which are a relatively minor com-
ponent of mineral dust, are highly effective in ice nucleation
(e.g., Atkinson et al., 2013). CCN are generally soluble ma-
terials and mineral dust aerosols are generally assumed to be
nonhygroscopic. However, the conversion of insoluble salts
to more soluble compounds through heterogeneous and mul-
tiphasereactions,whicharehighlydependentonthemineral-
ogy of the particles (Kelly et al., 2007), is thought to increase
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the CCN activity of dust (e.g., Levin et al., 1996). Similarly,
the reactivity of dust to gases is also dependent on mineral-
ogy (Usher et al., 2003: Krueger et al., 2004). Mineralogy,
and in particular the amount and solubility of iron, is key
to the impact of dust on marine biogeochemistry (see e.g.,
Journet et al., 2008; Cwiertny et al., 2008a; Schroth et al.,
2009). Iron solubility is highly dependent on its mineralogi-
cal form: iron in the structure of clay minerals such as illite
or smectite is almost 100 times more soluble than iron oxide
minerals such as hematite or goethite (Journet et al., 2008).
The mineralogy of airborne dust is linked to the miner-
alogy of the erodible fraction of the soil source, although
modiﬁed by size fractionation during erosion, suspension
and transport. Information on the size-resolved mineralogi-
cal composition of potential dust sources would signiﬁcantly
improve our ability to predict the mineralogical composition
of dust at a global scale. Previous attempts to characterize
source-area mineralogy (e.g., Claquin et al., 1999; Nickovic
et al., 2012) have focused on soil mineralogy in arid and
semi-arid areas. Given that dust-source regions are likely to
change in the future (e.g., Mahowald and Luo, 2003; Tegen
et al., 2004; Woodward et al., 2005), as indeed they have in
the past (e.g., Mahowald et al., 1999; Werner et al., 2002;
Takemura et al., 2009), mineralogical information has to be
available globally (i.e., not simply for modern-day source
regions). Here, we present a new database, created using a
similar approach to Claquin et al. (1999) and Nickovic et
al. (2012), which describes the size-resolved mineralogical
composition of the erodible fraction of soils for most regions
of the globe. We then examine some of the consequences of
using this database to specify the properties of airborne dust.
2 Construction of the database
The database contains information of the relative abundance
of 12 minerals: quartz, feldspars, illite, smectite, kaolinite,
chlorite, vermiculite, mica, calcite, gypsum, hematite and
goethite. This is an expanded set of minerals compared to
the Claquin et al. (1999) and Nickovic et al. (2012) com-
pilations. We ﬁrst estimate the distribution of these miner-
als in different size classes, including characterizing the iron
species in the clay fraction. We then determine the average
size-resolved mineralogical composition for each soil unit
of the FAO (The Food and Agriculture Organization of the
United Nations) soil classiﬁcation (FAO, 1990a).
2.1 Distribution of minerals by size class
The mineralogical composition of airborne dust depends on
both the mineralogy of the soil source and size fractionation
during emission and transport. Only the smallest soil parti-
cles are light enough to stay in suspension in the atmosphere
and to be transported long distances. To be able to account
for these fractionation effects, we specify the mineralogical
Table 1. Distribution of the selected minerals in the clay and silt
fraction of soils.
Minerals Clay fraction Silt fraction
Illite Dominant (100%) Negligible (0%)
Kaolinite Dominant (100%) Negligible (0%)
Smectite Dominant (100%) Negligible (0%)
Vermiculite Dominant (100%) Negligible (0%)
Chlorite Present Present
Mica Negligible (0%) Dominant (100%)
Quartz Minority Majority
Feldspar Minority Majority
Gypsum Negligible (0%) Dominant (100%)
Calcite Present Present
Hematite Dominant (100%) Negligible (0%)
Goethite Present (70%) Present (30%)
composition of the ﬁner textural classes of soils: the silt and
the clay fraction. There are insufﬁcient measurements to as-
sign an explicit size range for each mineral, so we determine
an average mineralogy for each size class.
Primary minerals (quartz, feldspars and mica) are mostly
found in the silt-sized fraction and secondary minerals (clay
minerals, soluble minerals and iron oxide minerals) in the
clay-sized fraction. We adopted an allocation, summarized
in Table 1, as follows.
1. Clay minerals (illite, smectite, kaolinite and vermi-
culite) are important chemical weathering products,
are small and mostly belong to the clay-size fraction
(Pedro, 1984).
2. The clay mineral, chlorite is an exception since it oc-
curs both in the clay-size class and throughout the silt
range (Grifﬁn et al., 1968), depending on whether it
is formed by hydrothermal alteration or inherited from
bedrock.
3. Mica is a primarily a phyllosilicate mineral and con-
sequently is silt-sized or coarser (Mitchell and Soga,
2005).
4. Quartz and Feldspars are present in all size fractions
of soils. They are present in only minor amounts in
the clay fraction, but are abundant in the silt fraction
(Rahn, 1976; Chatenet et al., 1996).
5. Gypsum is most often found in the coarser fraction of
soils (FAO, 1990b) and is therefore only allocated to
the silt fraction.
6. Calcite seems to be present in all size fractions.
Abtahi (1980) has shown that calcite occurs mostly
in the large-size fractions of arid soils, but can also
be found in signiﬁcant quantity in the ﬁne fractions.
Therefore, we assign calcite to both the clay and silt
fractions.
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Table 2. Average iron content in selected minerals.
Mineral References Mean Fe
(wt%)
Illite Journet et al. (2008), Seabaugh et al. (2006), Taylor et al. (2000), Gold et al. (1983), Robert (1973), Carroll 4.3%
and Starkey (1971), Deer et al. (1962)
Smectite Journet et al. (2008), Ramesh et al. (2007), Bayrak (2006), Garcia-Rodriguez et al. (1995), Yilmaz (1981), 2.6%
Osthaus (1956)
Kaolinite Journet et al. (2008), Temuujin et al. (2001) 0.23%
Chlorite Cathelineau and Nieva (1985), Kramm (1973) 12.5%
Vermiculite Andronova (2007), Seo et al. (2005) 6.7%
Feldspars Journet at al. (2008) 0.34%
7. Iron oxide minerals are generally formed through the
alteration of the most common rocks. Their min-
eralogy and crystallinity reﬂect the alteration envi-
ronment and are strongly linked to climatic condi-
tions (Cornell and Schwertzmann, 2003). Iron ox-
ide minerals occur as very small individual particles
(50–100Å) (Greenland et al., 1968), often in com-
bination with particles of kaolinite or as aggregates
(e.g., Schwertmann and Kampf, 1985). Hematite and
goethite are the most common iron oxide minerals
found in soil. Kandler et al. (2009) showed that 66%
of the total iron oxide minerals are in the clay frac-
tion and 33% in the silt. There is no size-resolved
iron species data available and the limited evidence
for the size distribution of hematite and goethite is
conﬂicting. Gangas et al. (1973), for example, claim
that hematite and goethite are concentrated in the clay
fraction, while Lafon et al. (2004), found an even dis-
tribution between the clay- and silt-sized fractions of
three arid soils. Coudé-Gaussen (personal communi-
cation, 1999) suggests that goethite particles are com-
mon on large quartz grains of size >40µm. We as-
sume that only goethite is found in both size fractions,
and hematite is conﬁned to the clay fraction.
2.2 Iron content of the clay-size fraction
The mineralogical speciation of iron is distinguished in the
database because iron from clay minerals is more soluble
than iron from hematite or goethite (Journet et al., 2008).
The total elemental iron content in the clay fraction is es-
timated from the iron content for each mineral. This method
does not account for variations that reﬂect the conditions in
which the minerals were formed. Hematite and goethite are
the most iron-rich minerals. According to their stoichiom-
etry, hematite (Fe2O3) contains 69.9% iron and goethite
(FeOOH) 62.8%. Clay minerals and feldspars also contain
a small proportion of iron trapped in their crystal lattice. The
estimated iron content of the different minerals present in the
clayfraction,collectedfromtheliterature,isgiveninTable2.
2.3 Associating mineralogy with soil unit
Mineralogy is not a diagnostic criterion used in soil
proﬁle descriptions or a property used in soil classi-
ﬁcation. Following Claquin et al. (1999), we hypothe-
size that the mineralogy of the surface depends on the
size distribution, the chemistry and the color of the soil,
in order to infer an average mineralogical composition
for each soil unit. We use the Harmonized World Soil
Database (HWSD; FAO/IIASA/ISRIC/ISSCAS/JRC, 2009),
a 30arcsecond raster database, to determine the geographic
distribution of soil units. The HWSD uses the FAO-
UNESCO soil classiﬁcation system, which is based on soil-
proﬁle descriptions and the presence of diagnostic hori-
zon(s). The FAO soil classiﬁcation has undergone several re-
visions since it was ﬁrst used for The Legend of the Soil Map
of the World (FAO-UNESCO, 1974). The number of major
soil groups has been increased, from 26 major soil groups in
the 1974 version, to 28 in the 1990 version (FAO, 1990a).
Each major soil group is divided into second-order soil units.
The number of soil units also expanded between the 1974
and 1990 versions. For example, the Arenosols were subdi-
vided into 4 soil units in the 1974 version (albic, cambic,
ferralic and luvic) but 7 units in the 1990 version (albic, cal-
caric, cambic, ferralic, gleyic, haplic and luvic). The HWSD
combines both versions of the classiﬁcation, giving a total
of 211 individual soil units. The HWSD incorporates a num-
ber of regional and national updates of the soil information.
Although information on soil properties (e.g.,textural class,
calcium carbonate and gypsum content) is available for each
soil unit, individual units are grouped together into soil asso-
ciations, designated by the dominant soil unit, for mapping
purposes.
2.4 Database of topsoil mineralogy
We conducted an extensive literature review to compile the
available descriptive data on soil mineralogy. To select repre-
sentative measurements for each soil, we used the following
criteria.
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1. The mineralogical analyses were made on size-
resolved fractions: the clay fraction (<2µm) and/or on
the silt fraction (between 2 and 63µm).
2. The mineralogical analyses were made on the topsoil
(surface horizon) because subsurface layers are not
subject to aeolian deﬂation.
3. The information is compiled for soil samples
which can be identiﬁed according to the FAO soil
classiﬁcation.
Only data that met all three criteria were retained. The
database compiles quantitative information on the miner-
alogical composition of the clay and/or the silt fractions of
soil samples and associated metadata including the source of
the mineralogical information. The geographic coordinates
of the original data are collected; either obtained directly
from the source publication or inferred from the description
of the general location of the soil proﬁle. We also compiled
the soil-sample texture (relative proportion of clay, silt and
sand fractions); when this information was lacking, we used
the mean texture of the corresponding FAO soil units given in
the HWSD. The standard method of determining soil texture
involves wet sieving, and thus results in the loss of soluble
minerals such as calcite or gypsum. When size-resolved es-
timates were not available, we therefore included the total
calcite and gypsum content of the bulk soil (<2mm). Iron
oxide minerals (hematite and goethite) occur in very small
quantities in most soils and their abundance is rarely quanti-
ﬁed. We used the fact that the presence of iron oxide miner-
als in the soil results in a distinctive red or yellow coloration
(Torrentetal.,1983),togetherwithacompilationofsoilsam-
ple color (according the Munsell Soil Color Charts; Munsell
Color Company, 1975). The hematite and goethite content
can be then inferred from the soil color according the rela-
tionships established by Torrent et al. (1983) and by Fontes
and Carvalho (2005).
The ﬁnal database contains data from 700 soil descrip-
tions from more than 150 publications. Most of the records
(ca. 600) document the mineralogy of the clay fraction; there
are far fewer records for the silt fraction. The spatial dis-
tribution of the data is shown in Fig. 1. There is little data
from Russia, Alaska, Canada and Greenland, and records
are sparse across central Asia as much of the information
from this region is in Chinese language publications. The
distribution of records from other regions is inhomogeneous:
the North American records are mostly from the western
part of the continent, the South American records from Ar-
gentina and Brazil, while there is little or no data from West
and central Africa or from central Australia. Nevertheless,
the database represents a substantial improvement on the
Claquin et al. (1999) compilation (Fig. 1) and samples 55%
of the FAO soil units.
Fig. 1. Location of the data collected for this work (in red) and
from Claquin et al. (1999) (in blue). The rectangles delimit regions
studied in Fig. 8.
2.5 Expansion of the database and production of the
mean mineralogical tables
Despite the extensive literature compilation, the database
is deﬁcient in information about the calcite, hematite and
goethite content of the clay fraction. Information about silt
mineralogy is very sparse: quantitative information on the
amount of quartz, feldspars, mica and is available for only
25 soil units (see Table S2 in the Supplement), and the
amounts of calcite, gypsum and goethite are lacking in many
cases. To overcome these problems, we have used a num-
ber of empirical approaches (described below) to ﬁll critical
gaps in creating the ﬁnal, mean mineralogical tables used to
produce the mineralogical maps.
The HWSD give, for each soil unit of the FAO classiﬁca-
tion, the total amount of calcite and gypsum. Analysis of the
available data shows that the amount of CaCO3 in the clay
and silt fractions is linearly related to the clay/silt content of
the soil (Fig. 2). Thus, we estimate the amount of calcite in
the clay and the silt fraction of each soil unit from the to-
tal CaCO3 and the amount of clay/silt in that soil as Claquin
et al. (1999) had already done and we assume that the total
amount of gypsum is divided equally between the silt and the
sand fractions. Using these estimates, we have assigned to
each of the 211 soil units the calcite content of the clay frac-
tion and the calcite and gypsum content of the silt fraction.
Toaccessthehematiteandgoethitecontent,weappliedthe
empirical relationships established by Torrent et al. (1983)
and Fontes and Carvalho (2005) between soil color and
hematite and/or goethite content. Soil color is determined
through visual comparison with the Munsell Soil Color
Charts (Munsell Color Company, 1975). Color indices were
developed on the basis of the Munsell notation: (i) the red-
ness rating (RR) (Torrent et al., 1983) as a numerical index
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Fig. 2. Empirical relationships between (a) the calcite content of the
clay fraction and the ratio of the calcite in the clay fraction to the
one in soil and (b) the calcite content in the silt fraction and the ratio
of the calcite in the silt fraction to the one in soil.
that could measure quantitatively the relationship between
the redness and the hematite content in soil, (ii) the redness
factor (RF) (Fontes and Carvalho, 2005) as a numerical index
that allows estimating the hematite to goethite ratio in soil.
The inferred hematite content is entirely allocated to the clay
fraction of the soil. The inferred goethite content is allocated
toboththeclayandthesiltfractions.Followingsize-resolved
mineralogical data provided by Kandler et al. (2009) for min-
eral dust particles sampled close to an African source area,
67% of the goethite was assigned to the clay fraction and
33% to the silt fraction. Thanks to these estimates, goethite
and hematite content is now available in the clay fraction for
92 soils units and goethite in the silt fraction for 63 of the
soils units.
As we have very little information for the silt fraction, we
decided to assign the same quartz and feldspars content for
all soil units within a major soil group, on the assumption
that the content of these minerals in soils is determined by
the mineralogy of the original bedrock and the classiﬁcation
of major soil groups is strongly related to the nature of the
bedrock. The mica and chlorite contents of soils, however,
is determined by soil-forming processes not bedrock miner-
alogy. Where quantitative information on mica and chlorite
content is missing, we assign an average value based on the
average of all the silt-fraction records.
Finally, the use of such estimates allows us to attribute
a mean mineralogical composition of the clay fraction for
92 of the 211 soil units. For 28 of the remaining units, for
which soil color information was lacking, we assumed that
the hematite and/or goethite content was that of the major
soil class to which the units belong. Data on the average clay
mineralogical composition of the 120 soil units are presented
in Table S1 in the Supplement. Nevertheless, there are still
91 soil units for which there is no information about the min-
eralogical composition of the clay fraction in the database
but for calcite.
For the silt fraction, using these approximations, we are
able to specify the calcite, gypsum, mica and chlorite content
for all the 211 units, the goethite content for 181 soil units
and the quartz and feldspar contents for 113 soil units.
2.6 Creation of the mineralogical maps
The mean mineralogical tables provide mass percentages for
ten minerals (illite, smectite, kaolinite, chlorite, vermiculite,
feldspars, quartz, calcite, hematite, goethite) and the total el-
emental iron content in the clay-sized fraction and mass per-
centages of six minerals (feldspars, quartz, mica, chlorite,
calcite and goethite) in the silt-sized fraction for individual
FAO soil units. These values are assigned to all the geograph-
ical locations with the soil unit corresponding to the HWSD
database. The HWSD grid is then aggregated onto a regular
grid with a resolution of 0.5◦ ×0.5◦. The resultant miner-
alogical map only shows information for soil units for which
there was primary or derived mineralogical data. When min-
eralogical information is available for less than 50% of the
grid cell area, these cells are not mapped (white areas in
Fig. 3). Two further maps were created for the clay miner-
alogy of soils. In the ﬁrst map (CASE 1), we assign a miner-
alogical composition to the 120 soil units for which we have
no information in the database, based on the mineralogical
composition of the soil units whose proﬁle characteristics are
the closest. In the second map (CASE 2) we assign the av-
erage mineralogical composition of the major soil group to
which the missing units belong to. The CASE 1 and CASE 2
maps have continuous coverage.
Even for the baseline case (CASE 0), there is good cover-
age of the tropics and midlatitude regions, particularly mid-
latitude regions of the Southern Hemisphere (Fig. 3). Most of
the modern-day arid and semi-arid source areas are well cov-
ered: there is mineralogical data for more than 90% of the
Sahara/Sahel and Middle East dust sources, and more than
80% of the South African and South American dust sources.
The coverage of Chinese, Australian and North American
dust sources is poor, in large part because of the lack of min-
eralogical data for the most widespread soil units (luvic Kas-
tanozem, luvic Yermosol) in these regions. The lack of infor-
mation about Australian dust sources is due to the fact that
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Fig. 3. Percent of soil area where clay mineralogy exists in the
database.
most of the soil data comes from coastal regions (Fig. 1). The
data set provides reasonable coverage of tropical and midlati-
tude regions that are not sources today. Because data on gelic
soils(i.e.,withpermafrost)werenotincludedinthedatabase,
there is poor coverage for the high latitudes of the Northern
Hemisphere (NH) and the Tibetan Plateau.
3 The mineralogical maps
3.1 Minerals in the clay fraction: the example of illite
Illite occurs in almost all soil units and is therefore repre-
sented across all regions of the globe (Fig. 4). The amount
is highly variable, ranging from 0 to 94% with a mean value
at 20.5%. The highest amounts are found in the NH high
and midlatitudes, under cool and temperate climates. This is
consistent with the controls on the clay mineral formation:
where water is scarce and temperature is low, physical alter-
ation predominates and favors minerals similar to those of
the parent rock, predominantly illite. The lowest amounts of
illite are found in the wet equatorial zone where soil hydrol-
ysis limits its occurrence. Previous studies (Caquineau et al.,
2002; Claquin et al., 1999) have suggested that there was a
latitudinal gradient in the amount of illite present in North
Africa, but this is not so obvious in our dataset. The highest
amounts of illite in this region occur east and south of the
Sahara, associated with haplic and cambic Arenosols.
3.2 Mineralogy of the silt fraction: the example of mica
Mica and gypsum only occur in the silt fraction. The gypsum
content of soils is always <2% and relatively homogeneous;
the mica content is more variable. Although mica contents of
 
Fig. 4. Illite content in the clay fraction of soils (CASE 1).
 
Fig. 5. Mica content in the silt fraction of soils.
up to 25% are obtained, most areas have between 6 and 9%
mica (Fig. 5). This homogeneity may reﬂect the assignment
of average values to soil units lacking speciﬁc data. However,
mica-rich soils occur locally in Alaska, along the Mediter-
ranean coast of North Africa, in the Middle East, in northern
India and in eastern China.
3.3 Minerals occurring in both silt and clay fractions:
the example of calcite
Calcite occurs in both the silt and clay fractions of soils. The
amount of calcite in the silt fraction is generally low, rarely
exceeding 5% in the Southern Hemisphere (SH) and only
exceeding 12% in the NH in the hot deserts of the northern
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Fig. 6. Calcite content (a) in the clay fraction of soils (CASE 1) and
(b) in the silt fraction of soils.
intertropical zone (Sahara and Middle East) where it reaches
25% (Fig. 6). A similar pattern is seen in the clay fraction,
but the amounts are larger (up to 40%). The calcite con-
tent in the clay fraction is closely related to rainfall: cal-
cite content is low in regions where the annual rainfall is
>400mm (<1%), varies between 5 and 15% in semi-arid
regions (200 and 400mm) and only exceeds 15% in arid ar-
eas where annual rainfall is <200mm.
3.4 Distribution of total elemental iron and iron oxide
minerals
The total elemental iron content of the clay fraction ranges
between 0 and 15% (Fig. 7a). The total elemental iron
content reﬂects not only the presence of hematite and
goethite but also the presence of clay minerals such as illite
or smectite. These minerals contain substantial quantities of
iron (around 3% according Journet et al., 2008). Due to their
high abundance in dust, estimates of total iron in dust have to
account for the iron associated with both illite and smectite.
The hematite content in the clay fraction is usually <1.5%
(Fig. 7b) but reaches 5% in some regions, including the lon-
gitudinal band from Montana to Texas in the US, a latitudi-
nal band across southern Russia, and arid regions of north-
ern Africa, while soils in southern Brazil/northern Argentina
have hematite contents >5%. Goethite occurs in both the
clay- and silt-sized fractions. The amount of goethite in the
clay fraction is generally higher than the amount of hematite,
and more variable (from 0 to 15%). The highest amounts of
goethite are found in moist soils in the equatorial zone and
over part of the eastern US. The amount of goethite in the silt
fraction is more homogeneous and represents <2% of the
mass except in the equatorial zone where it can reach >5%,
as in soils in Brazil. Goethite is generally more abundant in
humid tropical environments while hematite becomes more
abundant in the seasonally dry tropics.
3.5 Mineralogical composition over modern
dust-source regions
The largest sources of dust emissions to the atmosphere are
located in the NH “dust belt” that extends from northern
Africa to the Middle East, and from central and southern
Asia to China. Dust emissions also occur from arid areas
in South America, South Africa and central Australia. The
dust from a particular source generally inﬂuences a speciﬁc
region (Grifﬁn et al., 2002). Dust from northern Africa, for
example, is transported over the North Atlantic (Delany et
al., 1967) and the Mediterranean Basin (Ganor and Mamane,
1982) and into Europe and the Americas, while dust from
Asia is transported over the North Paciﬁc to North America
(Duce et al., 1980). We deﬁned seven dust-source regions
(Arabia: 13–23◦ N, 25–65◦ E; Asia: 10–50◦ N, 65–130◦ E;
Australia: 110–160◦ E, 45–10◦ S; South Africa: 35—0◦ S, 2–
52◦ E;SouthAmerica:62◦ S–10◦ N,100–30◦ W;Sahara:16–
36◦ N,25◦ W–42◦ E;andSahel:10–16◦ N,25◦ W–42◦ E)and
calculated an average mineralogical composition for each re-
gion (Fig. 8) to examine whether the differences in the min-
eralogy of airborne dust were large enough to inﬂuence re-
gional climate. The average composition was calculated by
weighting the mineralogical composition of each soil unit
within the region by the percentage of surface it covers.
Kaolinite is the dominant mineral in all the source regions,
but the abundance varies from 24 (Arabia) to 36% (South
Africa). The next most abundant minerals are illite and smec-
tite. The total amount of clay minerals (kaolinite, illite, smec-
tite, vermiculite and chlorite) ranges between 56 and 75%.
Quartz and feldspars never exceed 6% of the clay fraction. In
contrast, the amount of calcite varies from region to region:
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Fig. 7. Iron and iron oxides in soils: (a) iron in the clay fraction (CASE 1), (b) hematite in the clay fraction (CASE 1), (c) goethite in the clay
fraction (CASE 1) and (d) goethite in the silt fraction.
the South African, South American and Sahelian sources
have <4% whereas the Arabian and Saharan sources have
values of around 9%. The amount of iron oxide minerals
in the clay fraction vary from 3.0 (Arabia) to 4.6% (South
America, South Africa). The total elemental iron content of
each source ranges between 4 and 5% of the clay fraction
(Fig. 9). More than half is associated with iron oxide min-
erals (goethite and hematite), while the rest is Fe associated
with the aluminosilicate lattice of clay minerals such as illite
and smectite. Vermiculite and chlorite are less abundant in
the soil but also contribute to the total elemental iron.
Thelargestdifferencesbetweenregionsareforvermiculite
and calcite (relative standard deviations, RSD, ca. 50%) and
to a lesser extent, because of its very low abundance in the
clay fraction, feldspars. Regional differences for the other
minerals are less marked (RSD ca. 20%).The amount of
illite(20.1±2.5%)andelementaliron(4.5±0.4%)aresim-
ilar from region to region. The source areas of South Africa
and South America have a similar mineralogical composi-
tion (high kaolinite, low calcite and smectite, and high iron
from goethite), which is nevertheless distinct from the miner-
alogical composition of the Sahara and Arabia sources (low
kaolinite, high calcite, and relatively low iron).
3.6 Differences between soil and airborne dust
mineralogy
We use a general circulation model with an aerosol scheme
(LMDZ-INCA) to transport the minerals as individual trac-
ers. For each mineral, 5years of simulations were analyzed
after a 3-month initialization period used to bring the aerosol
distribution to a steady state. These simulations allowed us
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Fig. 8. Average mineralogical composition of the major dust-source
regions (clay fraction, CASE 0). Top panel: the three major clay
minerals with content higher than 5%; middle panel: calcite and
quartzwithcontentsca.5%;andbottompanel:mineralswhichcon-
tribute less than 4% of the mass: iron oxides and feldspars.
to determine the volume fraction of the different minerals
relative to the volume of total dust. Each mineral is trans-
ported in the atmosphere using a modal scheme to repre-
sent the size distribution with a mass median diameter of
2.5µm and a σ of 2.0 (Schulz et al., 1998). Figure 10 illus-
trates the global averaged differences in mineralogy between
the clay fractions of soil and airborne dust. The mineralogi-
cal composition of airborne dust is broadly similar to that of
the clay fraction of the soil. The most abundant minerals in
both soil and airborne dust are kaolinite, illite and smectite,
which represent 68.6% (by mass) of the soil and 64.5% of
the airborne dust. Kaolinite is less abundant in airborne dust
than soil (23.6 versus 35.3%), whereas the amount of illite
and smectite is slightly higher in airborne dust. The largest
differences between soil and airborne dust are in terms of
the abundance of feldspars and of minerals outside the group
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Fig. 9. Average iron content and speciation of the major dust-source
regions (clay fraction, CASE 0).  
 
(a) 
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Fig. 10. Global yearly average composition (in mass percentage) of
(a) clay fraction of soil and (b) airborne minerals.
considered here (other). Feldspars are not abundant in the
soil (0.7%) but are a signiﬁcant component of airborne dust
(3.7%); other minerals form 8.9% of the soil and only 5.2%
of airborne dust. These differences reﬂect the fact that the
values for the soil are the average composition of all the
world’s soils whereas the airborne dust is related only to the
dust-producing regions.
The distribution of illite in the clay fraction of soils and
yearly-averaged airborne dust from our CASE 0, CASE 1
and CASE 2 maps is shown in Fig. 11. Illite comprises be-
tween 20 and 30% of the total mass of airborne dust over
most of the Northern Hemisphere in CASE 0 and CASE 1.
Emissions from the Lake Chad region and the Taklamakan
Desert contribute to the elevated illite content that creates a
north–south gradient. In contrast, CASE 2 shows a relatively
low illite fraction over the Gobi Desert.
Feely et al. (2009) assume that transported calcite has
a mass content of 3%, and use this fraction to limit the
heterogeneous uptake of acids such as nitric acid by mineral
dust. This is not consistent with our results, where the calcite
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fraction in the three different cases ranges from 7.9 to 8.9%
of the mass of the airborne clay fraction. Airborne calcite
exceeds 12% in the clay fraction over Mauritania, Morocco
and the western US (Fig. 12).
4 Discussion
4.1 Comparison with Claquin et al. (1999) and Nickovic
et al. (2012) results
The Claquin et al. (1999) and Nickovic et al. (2012) data
sets provides mineralogical information for arid dust-source
regions. The only difference between these two existing
databases is the extension of the mineralogical table for
three new soil units (Yermosols, haplic Yermosols and Xe-
rosols) by Nickovic at al. (2012) in comparison with Claquin
et al. (1999). In the present paper, we recreated the whole
database. We have extended this approach to cover soils over
most of the world (with the exception of cold areas with per-
mafrost), on the assumption that this will be useful for spec-
ifying dust mineralogy as dust sources change in response
to climate changes. We have been able to capitalize on the
much-expanded literature now available to provide miner-
alogical information of the clay fraction for 120 soil units
described in the FAO classiﬁcation. The number of miner-
als considered was also increased, compared to Claquin et
al. (1999) and Nickovic et al. (2012), by adding information
on chlorite, vermiculite, feldspars, goethite and hematite in
the clay fraction. Although relatively unimportant by mass
individually, together these minerals can be ca. 45% of the
mass in some soil units (e.g., Humic Ferralsols). We have
added mica and chlorite in the silt fraction, and attribute the
iron oxide in this fraction to goethite (rather than hematite as
in Claquin et al., 1999 and Nickovic et al., 2012). We have
chosen not to normalize the distribution of individual miner-
als to 100% of the mass,in order to avoid artiﬁcially inﬂating
the amount of an individual mineral recorded; up to 17% of
the mass remains unidentiﬁed for some soils.
A comparison of databases has been established for 20 soil
units that are listed Table 3. The average composition of
the clay fractions obtained from the database of Nickovic
et al. (2012) and from this work for the 20 soil units are
shown in Fig. 13. Whatever the database, the major compo-
nent of the clay fraction are clay minerals (kaolinite, illite
and smectite), and the estimates of their cumulative abun-
dance is almost always higher in the work of Nickovic et
al. (2012) than in this work even if we add two additional
clay minerals (chlorite and vermiculite). This can be partly
explained by the fact that Nickovic et al. (2012) normalize
the distribution of individual minerals to 100% of the mass
unlike us. In both databases, the range in calcite content is
the same, between 0 and 30% but in average the calcite con-
tent is higher in this work compared to the one obtained by
Nickovic et al. (2012). We observe signiﬁcant differences for
Table 3. Soil units used for comparison of databases (see Fig. 13).
1 Arenosols cambic
2 Arenosols luvic
3 Fluvisols calcic
4 Fluvisols eutric
5 Lithosol –
6 Regosols calcaric
7 Regosols eutric
8 Salt ﬂats –
9 Sand dunes –
10 Solonetz orthic
11 Solontchaks gleyic
12 Solontchaks orthic
13 Vertisols chromic
14 Xerosols calcic
15 Xerosols haplic
16 Xerosols luvic
17 Xerosols –
18 Yermosols calcic
19 Yermosols haplic
20 Yermosols –
calcite especially for Yermosols (3), haplic Yermosols (5),
eutric Regosols (9), luvic Xerosols (11) and sand dunes (4)
where the difference can exceed 150%. We now discuss the
evolution of the database between the two versions. The sig-
niﬁcant differences on calcite content result largely of the
empirical relationship between the calcite content in the clay
fractionandthetotalcalcitecontentandtheamountofclayin
soil (Fig. 2) which is different between Claquin et al. (1999)
andthiswork.Thenewrelationshipestablishedinthepresent
work leads to higher calcite content in the clay fraction for
the same total calcite content and the amount of clay in soil.
Inanydatabase,quartzisaminorcomponentoftheclayfrac-
tion ranging from 0 to 15% with an average content of about
5%. In both databases, hematite represents a minor fraction
of the clay fraction, lower than 4.4%. Hematite abundance
is lower in our work compared to Nickovic et al. (2012) but
as we have added goethite, the comparison can be made on
the total iron oxide minerals. When we take the total iron
oxide fraction, the cumulative abundance of hematite and
goethite from our database amounts to a larger mass frac-
tion (about 33% higher in average) than the hematite content
from Nickovic et al. (2012).
4.2 Implications for dust optical properties: single
scattering albedo
Most of the minerals in airborne dust, with the exception
of iron oxide minerals, have similar optical properties in
the shortwave part of the spectrum (from 0.2 to 4.0µm).
Here we use the refractive index of illite for everything ex-
cept hematite and goethite. Hematite and goethite are more
absorbing than the other minerals (Balkanski et al., 2007),
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Fig. 11. Comparison of illite (mass%) (a) in soil; (b) airbone, CASE 0; (c) airborne CASE 1; (d) airborne CASE 2.
hematite being even more absorbing than goethite. The same
relative volume of hematite compared to goethite will absorb
substantially more radiation in the shortwave spectrum and
its density is 25% greater than goethite. The absorption of
dust, and hence its single scattering albedo, depends not only
on the total amount of optically active iron oxide minerals
that are present but also on the relative proportion of hematite
and goethite.
We used a core-shell optical model from Toon and
Ackerman (1981) to calculate the albedo of dust over the
whole range of relative abundances of illite, goethite and
hematite shown in the database. The refractive index of this
shell was determined using a dielectric model as described
in Balkanski et al. (2007). These different core-shell assem-
blages are fully determined by two variables: the percentage
of the total volume occupied by the shell made of iron oxide
minerals (i.e., volume goethite+volume hematite (%)) and
the ratio, R, of the volume of hematite to the total volume of
iron oxide minerals:
R = Vol. Hematite/(Vol. Hematite + Vol. Goethite).
Illite, goethite and hematite were transported as inert trac-
ers in the general circulation model with an aerosol scheme
(LMDZ-INCA). For each mineral, 5years of simulations
were analyzed to determine the volume fraction of illite,
goethite and hematite relative to the volume of total dust. In
these simulations, the yearly average volume fraction of iron
oxide minerals relative to the total dust volume remains be-
tween 1.5 and 5% over most regions except over India where
the values can fall below 1.5% (Fig. 14a). The plot of the
R ratio (Fig. 14b) shows that goethite is more abundant than
hematite over both hemispheres (R <0.5) except for a region
centered over central Europe.
4.3 Single scattering albedo of dust computed from iron
oxide minerals
We created a table with 286 values of the total iron oxide
minerals mass and the R ratio to determine the single scat-
tering albedo of the airborne dust. The values obtained for
single scattering albedo, ω0, represent a yearly averaged situ-
ation (Fig. 15). Values for ω0 range from 0.935 to 0.975. The
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Fig. 12. Comparison of (a) soil and (b) airbone dust calcite content
(mass%).
gradients shown here cannot be obtained from any method
based upon optical measurements.
5 Conclusions
There is a clear need for detailed information on mineralogy
to improve assessments of the environmental and climatic
impacts of dust. Although the size fractionation that occurs
during emission leads to an aerosol composition that is dif-
ferent from the parent soil (Gomes, 1990; Grini et al., 2002;
Kok, 2011), there is still much work required to quantify
these differences. Given the lack of data on the mineralog-
ical composition of airborne dust, an indirect approach using
the size-resolved mineralogical composition of parent soils
is still the best way of specifying dust mineralogy globally.
Claquin et al. (1999) were the ﬁrst to produce mineralogical
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Fig. 13. Mean mineralogical composition of 20 FAO soils types:
(a) Claquin et al. (1999) and Nickovic et al. (2012) and (b) this
work.
maps of arid and semi-arid soils for this purpose, provid-
ing information on eight minerals (quartz, feldspars, calcite,
gypsum, illite, kaolinite, smectite and hematite) in both the
clay- and silt-sized soil fractions. More recently, Nickovic et
al. (2012) revised these maps to include three new soil units
and soil phosphorus contents. The present work is a major
improvement on these earlier compilations, because it is not
conﬁned to arid and semi-arid soil units and provides infor-
mation on a wider range of minerals.
Despite having the beneﬁt of a more extensive literature,
data is still lacking for a number of soil units and it was there-
fore necessary to make a number of assumptions to extrap-
olate mineralogical information to cover all soil subtypes.
There is comparatively little information on the calcite and
iron oxide mineral (hematite and goethite) contents of both
the clay- and silt-sized fractions because they are almost al-
ways measured on the bulk soil. The same is true for gypsum.
There is less information available about the mineralogy of
silt compared to the clay fraction. This may be less impor-
tant than the lack of information about the mineralogy of
the clay-fraction because, although the silt fraction is impor-
tant in dust total deposition, it is a less important component
of the radiatively active fraction of dust that is transported
long distances from the source regions. The data coverage
for Australia, South America and Asia is not satisfactory. In-
formation may be available for Asia, although we were un-
able to access this literature. Information on the mineralogi-
cal composition of ferralic Arenosols, luvic Yermosols, sodic
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Fig. 14. (a) Mass in percent of hematite plus goethite and (b) elative
mass ratio of hematite to hematite plus goethite.
Planosols and luvic Calcisols would considerably improve
the database for Australia and South America. We have pro-
duced a dynamic database, designed to evolve through in-
clusion of new data. Data on the FAO soil units for which
we were unable to obtain mineralogical information (see Ta-
ble B1 in the Supplement), would greatly enhance the utility
of the database. More information of the particle-size dis-
tribution of calcite, gypsum and iron oxide minerals would
improve the level of conﬁdence in the mineralogical maps.
The current database and associated mineralogical maps
provides a tool for specifying dust mineralogy in dust-cycle
simulations. It can be used to deduce the mineralogy of both
modern dust sources and dust sources created by changed
conditions. This opens the way to examine the impact of
changing dust sources in response to past or future climate
and land-use scenarios.
 
Fig. 15. Single scattering albedo of airborne dust.
Supplementary material related to this article is
available online at http://www.atmos-chem-phys.net/14/
3801/2014/acp-14-3801-2014-supplement.pdf.
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